Journal of Advanced Ceramics
Volume 11

Issue 4

Article 8

2022

Microwave synthesis of duplex α/β-SiAlON
/ -SiAlON ceramic cutting
inserts: Modifying m, n, z values, synthesis temperature, and
excess Y2O3 synthesis additive
Dongbo HONG
School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094,
China;Collaborative Innovation Center of High-End Equipment Manufacturing Technology, Nanjing
University of Science and Technology, Ministry of Industry and Information Technology, Nanjing 210094,
China

Zengbin YIN
School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094,
China;Collaborative Innovation Center of High-End Equipment Manufacturing Technology, Nanjing
University of Science and Technology, Ministry of Industry and Information Technology, Nanjing 210094,
China

Fuzhou GUO
School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094,
China;Collaborative Innovation Center of High-End Equipment Manufacturing Technology, Nanjing
University of Science and Technology, Ministry of Industry and Information Technology, Nanjing 210094,
Follow
China this and additional works at: https://dc.tsinghuajournals.com/journal-of-advanced-ceramics
Part of the Ceramic Materials Commons

Juntang YUAN

School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094,
China;Collaborative Innovation Center of High-End Equipment Manufacturing Technology, Nanjing
Recommended Citation
University of Science and Technology, Ministry of Industry and Information Technology, Nanjing 210094,
HONG, Dongbo; YIN, Zengbin; GUO, Fuzhou; and YUAN, Juntang (2022) "Microwave synthesis of duplex α/
China
β-SiAlON ceramic cutting inserts: Modifying m, n, z values, synthesis temperature, and excess Y2O3
synthesis additive," Journal of Advanced Ceramics: Vol. 11: Iss. 4, Article 8.
DOI: https://doi.org/10.1007/s40145-021-0559-x
Available at: https://dc.tsinghuajournals.com/journal-of-advanced-ceramics/vol11/iss4/8

This Research Article is brought to you for free and open access by Tsinghua University Press: Journals Publishing.
It has been accepted for inclusion in Journal of Advanced Ceramics by an authorized editor of Tsinghua University
Press: Journals Publishing.

Journal of Advanced Ceramics
2022, 11(4): 589–602
https://doi.org/10.1007/s40145-021-0559-x

ISSN 2226-4108
CN 10-1154/TQ

Research Article

Microwave synthesis of duplex α/β-SiAlON ceramic cutting inserts:
Modifying m, n, z values, synthesis temperature,
and excess Y2O3 synthesis additive
Dongbo HONGa,b, Zengbin YINa,b,*, Fuzhou GUOa,b, Juntang YUANa,b
a
b

School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China
Collaborative Innovation Center of High-End Equipment Manufacturing Technology, Nanjing University of
Science and Technology, Ministry of Industry and Information Technology, Nanjing 210094, China
Received: May 9, 2021; Revised: October 31, 2021; Accepted: December 3, 2021
© The Author(s) 2021.

Abstract: Duplex α/β-SiAlON ceramic cutting inserts (30α:70β) were synthesized by microwave
sintering. The effects of solid solution parameters (m, n, z), synthesis temperature, and amount of
excess Y2O3 synthesis additive on phase assemblage, microstructure, mechanical properties, and
cutting performance were systematically investigated. It was found that increasing m value could
improve the formation of α phase while high z value over 1.0 resulted in the dissolution of α phase
into β phase and intergranular phase. Increasing the amount of excess Y2O3 could promote
densification and elongated β grain growth; however, the excess Y2O3 amount above 4 wt% resulted
in substantial crystallization of M'SS phase, thus declining the mechanical properties and wear
resistance. The microwave-synthesized α/β-SiAlON cutting insert with modified parameters (m = 1.7,
n = 1.0, z = 0.7, and 3 wt% excess Y2O3) was obtained with optimal comprehensive properties, whose
tool life was found to increase by approximately 75% in high-speed milling of Inconel 718 superalloy
compared to the commercial α/β-SiAlON cutting insert.
Keywords: α/β-SiAlON; microwave; ceramic cutting insert; solid solution parameter; Y2O3 synthesis
additive

1

Introduction

SiAlON ceramics are substitutional solid solutions
based on silicon nitride (Si3N4). Basically, there are
two main crystal structures of SiAlON ceramics for
engineering applications, namely α-SiAlON and
β-SiAlON. The general formulas of α- and β-SiAlON
are MxSi12−(m+n)Al(m+n)OnN16−n (x = m/v, v indicates the

* Corresponding author.
E-mail: zengbinyin@njust.edu.cn

valence of the modifying cation M (Y3+, Ca2+, etc.))
and Si6−zAlzOzN8−z (0 < z ≤ 4.2), respectively, where
m and n values represent the Al–N and Al–O substitutions
in α-Si3N4 crystal lattice, respectively, and z value
represents the Al–O substitution in β-Si3N4 crystal lattice.
In general, α-SiAlON formed as equiaxed grains exhibits
higher hardness than β-SiAlON; in contrast, β-SiAlON
formed as elongated hexagonal grains possesses
enhanced fracture toughness compared to α-SiAlON
[1]. Therefore, by changing the overall composition of
raw powder and varying α/(α+β) ratios, duplex
α/β-SiAlON ceramic materials with comprehensive
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properties can be successfully prepared [2–4].
Duplex α/β-SiAlON ceramics have attracted significant
research interest as cutting tool materials in machining
of difficult-to-cut materials such as nickel-based
superalloys because of their good wear resistance and
outstanding chemical stability at elevated temperatures
[5]. According to Refs. [6,7], the cutting speeds of
α/β-SiAlON ceramic cutting tools can be up to 300–
500 m·min−1 in turning nickel-based superalloys and
800–1000 m·min−1 when milling, which are 10 times
those of cemented carbide tools. Nevertheless, rapid
wear still occurs for α/β-SiAlON ceramic cutting tools
during the high-speed machining nickel-based superalloys
[8]. Moreover, the inefficiency and high cost of SiAlON
ceramic cutting tools synthesized by the commonly used
conventional sintering processes such as pressureless
sintering, hot-pressed sintering, and hot isostatic
pressing sintering limit the development and wide
application prospects of SiAlON ceramic cutting tools.
Microwave synthesis of SiAlON ceramic tools is
considered to be an effective approach to solve the
above-mentioned problems. During microwave sintering
process, samples can be directly heated through the
interaction with electromagnetic wave such that the
heating rate reaches 30–100 ℃·min–1 and the holding
time gets reduced to 0–10 min, which are more efficient
parameters than those employed in conventional
sintering (5–10 ℃·min–1, 60–240 min) [9,10]. Owing
to the volumetric fast heating, microwave-prepared
ceramics can acquire better densification and mechanical
properties [11,12]. Furthermore, as a type of pressureless
sintering, microwave sintering offers great potential for
mass production of complex-shaped cutting inserts;
however, pressure sintering methods cannot provide
this benefit. This makes microwave synthesis more
attractive for low-cost industrial production of ceramic
cutting inserts.
In addition to the synthesis technology, modification
of the overall compositions and synthesis conditions
could be an effective way to enhance the cutting
performance [12–15]. Noteworthy, for α/β-SiAlON
ceramics, a deep correlation was observed among the
solid solution parameters, the synthesis additives amount,
the densification behavior, and the microstructural
evolution [16–20]. According to Refs. [21–25], the m
and n values have great impact on the stability of α
phase; the z value is an effective parameter that
significantly influences the wear resistance, crystallization
of intergranular phases, and microstructural characteristics;

and the synthesis additive amount affects the α-SiAlON
phase stability and intergranular phase. Thus, it can be
speculated that changing the overall compositions of
solid solution parameters (m, n, z) and synthesis
additives leads to the variation in the liquid level and
solid solution reaction during synthesis process, thus
influencing the phase assemblage, microstructure,
oxidation resistance, and mechanical and machining
properties of α/β-SiAlON ceramic cutting inserts [26–28].
Among reported studies on SiAlON, the microwave
synthesis of α/β-SiAlON ceramics (especially cutting
tool application) has rarely been carried out [29].
Undeniably, systematically exploration of overall
compositions is indispensable for obtaining highquality duplex α/β-SiAlON ceramic cutting inserts by
synthesized microwave sintering.
In order to prolong the service life, the optimization
of mechanical properties is significantly important
because the higher hardness can improve the resistance
to penetration of abrasive particle and thereby reduce
the cutting depth, and at the same time, the higher
fracture toughness can reduce the ratio of microcutting
to microploughing [30–33]. Importantly, the nature and
crystallization of secondary phase(s) and microstructure
(grain size, porosity, etc.) also play a significant role in
cutting tool application of SiAlON ceramics. Aluminumcontaining melilite phase (M'SS phase, Y2Si3−xAlxO3+xN4−x)
has been considered as a better phase for SiAlON
ceramics as it displays excellent high temperature
stability due to its very high nitrogen content [34].
Acikbas et al. [35] reported that α/β-SiAlON cutting
tools with crystalline grain boundary (M'SS phase) and
coarsened grain size exhibited better cutting performance
than that with amorphous phase because the increased
crystallinity and coalescence of intergranular phase
reduced the tendency to undergo the chemical reaction.
On the other hand, Aucote and Foster [36] tested the
cutting performance of SiAlON cutting inserts in
machining nickel-based superalloy Incoloy 901, and
the wear resistance was found to increase with tool
material grain size at high speeds.
In the present study, small batch microwave synthesis
of duplex α/β-SiAlON ceramic cutting inserts was
realized. The effects of solid solution parameters (m, n,
z), synthesis temperature, and amount of excess Y2O3
synthesis additive were systematically investigated.
Finally, after modifying these parameters, the wear
resistance of microwave-sintered α/β-SiAlON ceramic
cutting inserts, compared with that of the commercial

www.springer.com/journal/40145

J Adv Ceram 2022, 11(4): 589–602

591

α/β-SiAlON ceramic cutting insert in dry milling of
nickel-based superalloy Inconel 718, was studied.

2 Experimental
2. 1

Green body preparation

The composition of the duplex α/β-SiAlON with
different m, n, z values was designed by Eqs. (1) and
(2):
m
12  ( m  n)
 m  2n
Y2 O3 
Si3 N 4 
Al2 O3
6
3
6
4m  n

AlN 
3
Ym /3Si12( m  n ) Al( m  n ) O n N16 n (α-SiAlON )

6 z
z
z
Si3 N 4  Al2 O3  AlN
3
3
3
 Si 6 z Al z O z N8 z (β-SiAlON )

(1)

Technology Co., Ltd., China), α-Al2O3 (99.99%, 200 nm;
Shanghai Chaowei Nano Technology Co., Ltd., China),
AlN (99.99%, 1 μm; Shanghai Chaowei Nano
Technology Co., Ltd., China), and Y2O3 (99.99%, 50 nm;
Shanghai Chaowei Nano Technology Co., Ltd., China).
The mixed powders were poured into an Al2O3 jar with
isopropanol alcohol and Si3N4 balls, and then the ball
milled in a planetary ball mill (Model QM-3SP2,
Nanjing, China) for 2 h at a speed of 250 r·min−1. The
ball-to-powder mass ratio was 8:1. The 2 wt% PVA
was added in the slurries as binder. After ball milling,
the slurries were dried in a vacuum drying oven,
ground by agate grinding bowl, and sieved through a
100-mesh. Finally, the green bodies were compacted
into a cylinder with the diameter of 16 mm under a
uniaxial pressure of 150 MPa.
2. 2

(2)

The mass ratio of α/β was kept constant at 30/70. In
addition to the Y2O3 dissolved in the α phase, excess
Y2O3 with amount of 1–5 wt% was added as synthesis
additive.
Figure 1(a) displays the preparation process of the
green body. The raw powders were composed of
α-Si3N4 (99.99%, 500 nm; Shanghai Chaowei Nano

Microwave synthesis

Figure 1(b) displays the diagrammatic sketch of the
microwave insulation box. BN crucible was placed in
the center of the mullite insulation box, covered with
mullite insulation cotton. Three green bodies were
placed plat in the center of BN crucible, covered with
SiC susceptor to help with the synthesis. Figure 1(c)
displays the diagrammatic sketch of the microwave
synthesis system. The heat insulation box was put on
the base of a microwave atmosphere furnace (XO-5kW,

Fig. 1 (a) Preparation process of green body, (b) diagrammatic sketch of the microwave insulation box, (c) diagrammatic
sketch of the microwave synthesis system, and (d) microwave-synthesized α/β-SiAlON cutting inserts.
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ATPIO, China) with a rotation speed of 5 r·min−1.
Through the thermometer pore of the microwave
insulation box, the real time temperature of the samples
can be measured by the infrared thermometer. Before
synthesis, air in the furnace chamber was pumped out
and replaced by N2. In the initial stage of synthesis
process, the microwave atmosphere furnace was
operated at minimum power of 900 W during which
the heating rate was about 50–100 ℃·min−1. Then, the
heating rate was kept constant at 30 ℃·min−1 between
470 and 1400 ℃ and 15 ℃·min−1 after 1400 ℃ until
reaching the desired temperatures (1690–1750 ℃ ).
The holding time was 10 min. After that, the samples
were naturally cooled to room temperature in the
furnace. The microwave-synthesized α/β-SiAlON
cutting inserts are shown in Fig. 1(d).
2. 3

Characterization

The bulk density of the synthesized samples was
calculated by the Archimedes' method. The Vickers
hardness was measured through indentation method
under a load of 98 N and holding time of 15 s. Fracture
toughness measurement was based upon the Vickers
indentation method. The equation of the fracture
toughness of the samples is as follows [37]:
K IC  0.16  (c / a)



3
2

 a  HV10

(3)

where KIC is the fracture toughness (MPa·m1/2), a and c
are half the length of the indentation diagonal (mm)
and the crack (mm), respectively (c/a > 2.5), and HV10
is the Vickers hardness (GPa). The microstructure and
energy dispersive X-ray (EDX) analysis of the samples
were detected by the scanning electron microscope
(SEM, Hitachi S-4800, Japan) and the transmission
electron microscope (TEM, JEOL JEM-F200, Japan).
The X-ray diffraction analyses (XRD, Bruker-AXS

D8 Advance, USA) were conducted to detect the α/(α+β)
ratio and the types of other phases. The used PDF cards
of α-SiAlON, β-SiAlON, and α-Si3N4 were #42-0251,
#48-1615, and #41-0360, respectively. Besides, the labels
of M'ss phase (aluminum-containing melilite phase,
Y2Si3−xAlxO3+xN4−x) and 21R phase (AlN polytypoid,
SiAl6O2N6) were referenced to Refs. [38,39]. The α/(α+β)
ratio was calculated from the XRD patterns by Eq. (4):
I
1

I   I 1  K [1/(1  α )  1]

(4)

where α is the mass ratio of α/(α+β), Iα is the
intensity of the stronger peak of α(102) and α(210), Iβ
is the intensity of the stronger peak of β(101) and
β(210), and K is the combined proportionality constant
calculated by the equation: K = Kα/Kβ, where Kα is
0.518 for α(102) reflection and 0.544 for α(210)
reflection, and Kβ is 0.518 for β(101) reflection and
0.544 for β(210) reflection [40].
2. 4

Machining test

Figure 2 shows the schematic diagram of the machining
test. The wear resistance of microwave-synthesized
duplex α/β-SiAlON ceramic milling inserts and
commercial duplex α/β-SiAlON ceramic milling insert
(Kennametal KYS30, RNGN120400EGN) was evaluated
by rough milling Inconel 718 superalloy (speed νc =
800 m·min−1, depth ap = 1.5 mm, and feed rate ƒz =
0.12 mm·z−1). The diameter and thickness of the
round insert are 12.70 and 4.76 mm, respectively,
which was clamped on one tooth of Kennametal
KCRA63Z06S22RN12 indexable face mill. The tool
parameters of the face mill are shown in Fig. 2(b). The
flank wear was measured by a digital microscope
(ISM-PM200S, Insize, China) during testing in intervals
of 1 cut (cutting length: 150 mm, width: 33 mm). The
allowable maximum flank wear of insert (VB) was

Fig. 2 (a) Schematic diagram of the machining test and (b) tool parameters. The effective diameter (D1) is 50.3 mm. The
maximum diameter (D1max) is 63 mm. The clearance angle, axial rake angle, and radial rake angle are 10°, −10°, and −5°,
respectively.
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1.5 mm in this test, and the insert was identified as
invalid when VB exceeded this value.

3 Results and discussion
3. 1

Orthogonal experiment (m, n, z values and
synthesis temperature)

Orthogonal experiment of four factors at three levels
was carried out first for selecting the general scope of
appropriate m, n, z values and the synthesis temperature.
The detailed experimental design and results are
presented in Table 1, and the corresponding XRD
patterns are shown in Fig. 3. The m value of α-SiAlON
was set at 1.0 (1), 1.35 (2), and 1.7 (3), and its n value
was set at 1.0 (1), 1.35 (2), and 1.7 (3). The z value of
β-SiAlON was set at 0.4 (1), 0.7 (2), and 1.0 (3), and
the synthesis temperature was set at 1690 ℃ (1),
1720 ℃ (2), and 1750 ℃ (3). Excess Y2O3 (2 wt%)
was added as synthesis additive. The main objective of
the orthogonal experiment was to obtain α/β-SiAlON
ceramics with designed composition (α/(α+β) ratio =
30%) without residual raw powder phase, and the second
objective was to screen the influencing parameters for
obtaining well optimized mechanical properties (hardness
and fracture toughness).
Table 1 illustrates that the detected α/(α+β) ratio was
calculated between 2% and 29% (< 30%), in which
some α phase was converted into β phase. Moreover,
residual α-Si3N4 phase was detected in samples S1, S5,
S6, and S9, among which the intensity for S1 was
relatively strong (Fig. 3). This indicated that the solid

solution reaction was not complete, which could have
resulted from the low synthesis temperature (1690−
1720 ℃) or low liquid content of these components
[21]. For the samples synthesized at 1750 ℃ (S3, S4,
and S8), α-Si3N4 was dissolved, and higher bulk density
over 3.22 g·cm−3 was obtained. For the secondary
phases, M'SS phase was detected in all samples, while
21R phase was detected in samples S3, S5, and S7
with high z value of 1.0.
Table 2 lists the range analysis results of α/(α+β)
ratio, hardness, and fracture toughness of the orthogonal
experiment. Considering α/(α+β) ratio as the index, the
R value (R indicates the range value of each factor) of
m value was much greater than those of other factors.
With the increase in the m value from 1.0 to 1.7, the
average result of α/(α+β) ratio was evidently promoted
from 8.3% to 25.7%, which was closer to the setting
value of 30%. This phenomenon could be attributed to
the increasing amount of Y2O3 in the raw powder
composition (x = m/3, Eq. (1)). With higher amount of
Y2O3, more rare-earth (RE) cations could be incorporated
into the α-SiAlON structure, thus improving the
formation and stability of α phase [24]. On the other
hand, the variations of other parameters with the average
result of α/(α+β) ratio were not obvious. Notably, when
the z value was increased to 1.0, a decline in α/(α+β)
ratio was observed from 19.7% to 12.0%. This might
be attributed to the excessive oxygen content induced
by the high z value, which damaged the stability of
α-SiAlON phase [41]. For obtaining SiAlON ceramics
with high α/(α+β) ratio, low z value of 0.4–0.7 was
appropriate.

Table 1 Orthogonal design and corresponding bulk density, phase assemblage, and mechanical properties of the
α/β-SiAlON ceramicsa
Orthogonal design
Sample

a

m

n

z

Synthesis
temperature (℃)

Bulk
density
(g·cm−3)

Phase assemblage
α/(α+β)
ratio (%)

HV10 (GPa)

Other phase
M'SS

S1

1.0 (1)

1.0 (1)

0.4 (1)

1690 (1)

3.10

11

w

S2

1.0 (1)

1.35 (2)

0.7 (2)

1720 (2)

3.20

12

w

S3

1.0 (1)

1.7 (3)

1.0 (3)

1750 (3)

3.22

2

w

S4

1.35 (2)

1.0 (1)

0.7 (2)

1750 (3)

3.23

18

m

S5

1.35 (2)

1.35 (2)

1.0 (3)

1690 (1)

3.20

13

w

S6

1.35 (2)

1.7 (3)

0.4 (1)

1720 (2)

3.16

20

w

S7

1.7 (3)

1.0 (1)

1.0 (3)

1720 (2)

3.23

21

w

S8

1.7 (3)

1.35 (2)

0.4 (1)

1750 (3)

3.24

27

w

S9

1.7 (3)

1.7 (3)

0.7 (2)

1690 (1)

3.19

29

w

(1) (2) (3) represent different levels of the factors; m = medium, w = weak, v = very.
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21R

α-Si3N4
m

w
w

KIC
(MPa·m1/2)

13.65±0.15

4.92±0.18

15.46±0.19

4.33±0.22

15.22±0.15

4.72±0.18

15.90±0.14

4.15±0.10

w

15.09±0.17

4.19±0.14

vw

15.21±0.47

4.15±0.20

15.78±0.13

4.35±0.07

w
vw

16.38±0.07

4.42±0.24

15.91±0.16

4.36±0.17
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m value of 1.7 was required for improving the formation
of α phase and synthesis temperature of 1750 ℃ was
necessary for enhancing the densification and mechanical
properties. The impacts of n and z values are not evident,
and the further systematic exploration is needed.
3. 2

Fig. 3
XRD patterns of the orthogonal designed
α/β-SiAlON ceramics (M'SS: aluminum-containing mellite
phase, Y2Si3−xAlxO3+xN4−x; 21R: AlN polytypoid, SiAl6O2N6).

Considering hardness as the representative index,
the R values of m, n, z values, and synthesis temperature
were 1.25, 0.53, 0.67, and 0.95 GPa, respectively. It
indicates that m value and synthesis temperature played
more important roles, and the average result of hardness
was found to increase with these two factors. The
amelioration of hardness induced by m value could be
attributed to increasing α/(α+β) ratio. However, for
synthesis temperature, the improvement could be due
to the reduced porosity. Table 1 presents that the average
density of sample increases with the synthesis temperature.
With the increase in average density, the porosity
decreases; as a result, ceramic materials acquire higher
hardness [42]. Considering fracture toughness as the
index, it was observed that the R value of m value was
greater than those of other factors, but it was still small
(0.49 MPa·m1/2) and the variations were irregular for
all factors. This indicated that these factors did not
exhibit significant impact on the fracture toughness
within the setting range. According to the results, high
Table 2

In α/β-SiAlON ceramics, n and z values represent the
Al–O substitution in Si–N of α- and β-SiAlON,
respectively. Noteworthy, when α/(α+β) ratio is 30%,
the effect of increasing n value by 0.7 in the composition
of raw powder is consistent with the effect of increasing
z value by 0.14 (e.g., the raw powder composition of
Y–α/β-SiAlON with n value of 1.7 and z value of 0.4 is
equal to that with n value of 1.0 and z value of 0.54 for
the same m value). Consequently, it can be inferred
that the impact of n and z values on α/β-SiAlON
ceramics is similar in a certain range. Notably, β ratio
was higher in this research; therefore, the effects of z
value were studied, and the z value was set at 0.4, 0.54,
0.7, 0.84, 1.0, and 1.14. The m value was kept at 1.7,
the n value was kept constant at 1.0, and the excess
Y2O3 amount was 2 wt%. The synthesis temperature
was set at 1750 ℃.
Figure 4(a) shows the XRD patterns of the
α/β-SiAlON ceramics with different z values. Weak
α-Si3N4 peaks were detected in the sample with z value
of 0.4 since the oxygen content was low, and these
peaks disappeared with the increase in the z value. For
the secondary phases, M'SS phases were detected in all
samples and 21R phases were detected in the samples
with z value exceeding 1.0 (the same as the orthogonal
experiment results shown in Fig. 3). Moreover, substantial
crystallization was observed as z value increased to

Range analysis results of hardness, fracture toughness, and α/(α+β) ratio of the orthogonal experimentb
α/(α+β) ratio (%)

b

Effects of z value on phase assemblage,
microstructure, and mechanical properties
of α/β-SiAlON ceramics

KIC (MPa·m1/2)

HV10 (GPa)

m

n

z

Synthesis
temperature

m

n

z

Synthesis
temperature

m

n

z

Synthesis
temperature

k1 j

8.3

16.7

19.3

17.6

14.78

15.11

15.08

14.88

4.66

4.47

4.50

4.49

k2 j

17.0

17.3

19.7

17.7

15.40

15.64

15.75

15.48

4.17

4.32

4.28

4.28

k3 j

25.7

17.0

12.0

15.7

16.02

15.45

15.36

15.83

4.38

4.41

4.42

4.43

R

17.4

0.6

7.7

2.0

1.25

0.53

0.67

0.95

0.49

0.16

0.22

0.21

kij denotes the average result of each factor at each level in Table 1, where j (j = 1, 2, 3, 4) is for the factor (m, n, z values and synthesis temperature),

and i (i = 1, 2, 3) is for the levels ((1), (2), and (3)). For instance, k11 in α/(α+β) ratio index is calculated from the average α/(α+β) ratio of samples S1,
S2, and S3, whose m values are the first level of 1.0 ((11% + 12% + 2%)/3 = 8.3%). The effect of different levels of factors can be determined by
comparing kij in column j.
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Fig. 4 (a) XRD patterns (M'SS: aluminum-containing
melilite phase, Y2Si3xAlxO3+xN4x; 21R: AlN polytypoid,
SiAl6O2N6), and (b) α/(α+β) ratio of the α/β-SiAlON
ceramics with different z values (m = 1.7, n = 1.0,
synthesized at 1750 ℃).

1.14, which could be attributed to the high oxygen
content. Figure 4(b) shows the variation in α/(α+β)
ratio with z value. Under z value of 0.4–0.84, the
α/(α+β) ratio varied between a narrow range of 27%–
36% (close to setting value of 30%). However, when z
value was increased to 1.0 and 1.14, the α/(α+β) ratio
evidently decreased to 15% and 14%, respectively.
Correspondingly, the XRD patterns shown in Fig. 4(a)
indicate that the intensities of α-SiAlON phase (the
peaks at 2θ of 34.0° and 35.0°) were also obviously
reduced.
Carman et al. [38] reported the presence of a
reversible thermodynamic transformation relationship
between α- and β-SiAlON phases: α + liquid ↔ β +
M'S S + 21R. They reported that the long-time

heat-treatment at 1450 ℃ for 72 h led to α  β
transformation and the reverse β  α transformation
was observed under subsequent heat treatment at
1800 ℃ for 4 h, which was accompanied with the
change of M'SS phase and 21R phase. The observation
in this research when z value exceeded 1.0 was similar
to the α  β transformation reaction, that is, the
α/(α+β) ratio was reduced and the crystallization of
M'SS and 21R phases was enhanced. In α/β-SiAlON
ceramics, the stability of the α phase is related to the
liquid phase and temperature, and will dissolute while
the conditions appear to permit significant diffusion
[39]. When z value was 1.0, the liquid content exceeded
critical level, and this resulted in the dissolution of α
phase. Acikbas and Kara [27] also studied the effect of
z value (0.3–1.1) on the phase evolution of α/β-SiAlON
prepared at 1840–1890 ℃; however, the α/(α+β) ratio
barely changed and no 21R phase was detected. This
observation was different, but it is still in agreement
with our explanation that the α-SiAlON phase is more
stable at high temperatures according to the β  α
transformation.
Figure 5 shows the microstructures of the α/β-SiAlON
ceramics with different z values obtained under
SEMBSE (backscattered electron, BSE) mode. The
microstructure presented three different contrasting
phases, namely, α-SiAlON (light gray), β-SiAlON
(dark gray), and intergranular phase (white area). The
α-SiAlON phase exhibited the existence of grains with
low aspect ratio, while the β-SiAlON phase mainly
consisted of grains with high aspect ratio. With

Fig. 5 Microstructure of α/β-SiAlON ceramics with different z values (m = 1.7, n = 1.0, synthesized at 1750 ℃) obtained under
SEM–BSE mode: (a) z = 0.4, (b) z = 0.54, (c) z = 0.7, (d) z = 0.84, (e) z =1.0, and (f) z = 1.14.

www.springer.com/journal/40145

596

J Adv Ceram 2022, 11(4): 589–602

increasing z value, the grain size of β-SiAlON grains
became relative coarse (Figs. 5(e) and 5(f)); however,
the changes in α-SiAlON grains were not evident.
Under high z value of 1.0 and 1.14, the area of
β-SiAlON was obviously facilitated, which was
consistent with the variation of α/(α+β) ratio shown in
Fig. 4. Moreover, the intergranular phase was generally
distributed around the SiAlON grains. In the sample
with higher z value, there should be more aluminum in
the intergranular phase such that the Si–N bonds in
M'SS phase (Y2Si3−xAlxO3+xN4−x) can be progressively
replaced with Al–O bonds. This can lead to the
increase of oxygen content, which in turn can improve
the oxidation resistance of the material [2,43].
Figure 6 shows the bulk density, hardness, and
fracture toughness variations with z value. The bulk
density measured in the range of 3.23–3.24 g·cm−3 was
close to the theoretical density based on Refs. [26,44].
The hardness and fracture toughness of the α/β-SiAlON
ceramics exhibited an overall declining trend with the
increase of z value; however, the change was not
significant. With the increase in the z value from 0.4 to
0.84, the mechanical properties of samples narrowly
varied in a small range (hardness: 16.35–16.76 GPa,
fracture toughness: 4.28–4.84 MPa·m1/2) because of
their similar α/(α+β) ratio (29%–36%). When z value
exceeded 1.0, the hardness was declined to 16.02±0.12
GPa due to the dissolution of α phase (Fig. 4(b)).
Moreover, with the increase in the z value to 1.14, both
hardness and fracture toughness declined to 15.46±
0.07 GPa and 3.87±0.07 MPa·m1/2, respectively. This
could be attributed to the substantial crystallization of
the intergranular phases (Fig. 4) as their mechanical
properties were relatively poor (hardness: 12–15 GPa,
fracture toughness: 3–5 MPa·m1/2 [45]). Although the

Fig. 6 Bulk density, hardness, and fracture toughness
variations with z value.

α/β-SiAlON ceramics with low z value possessed better
mechanical properties, it was reported that SiAlON
ceramics with low z value (e.g., 0.2–0.3) exhibited a
short tool life in machining of superalloy due to
chemical wear [46]. Besides, α/β-SiAlON ceramics with
low z value were also difficult to synthesize because of
the detection of residual α-Si3N4 (Fig. 4(a)). Thus, it is
speculated that the z value of 0.54–0.84 should be
appropriate for microwave synthesis of α/β-SiAlON
ceramics.
3. 3

Effects of the amount of excess Y2O3 synthesis
additive on phase assemblage, microstructure,
mechanical properties, and cutting performance
of α/β-SiAlON ceramic milling inserts

Furthermore, the effect of the amount of excess Y2O3
synthesis additive was investigated. Based on the
above-mentioned results, the m, n, z values were set at
1.7, 1.0, and 0.7, respectively, and the synthesis
temperature was set at 1750 ℃ . The α/β-SiAlON
ceramics containing the excessive amount of Y2O3 of
1–5 wt% were fabricated, and denoted as Y1–Y5,
respectively.
Figure 7 shows the XRD patterns of the samples
Y1–Y5 and α/(α+β) ratio varied with the excessive
amount of Y2O3. Analysis of the XRD patterns indicates
that M'SS phase was detected as the only intergranular
phase in all the materials. The intensity of M'SS phase
(peak at 2θ of 32.3°, colored area shown in Fig. 7(a))
was relatively weak in samples Y1, Y2, and Y3, and
significantly enhanced when the excessive amount of
Y2O3 exceeded 4 wt%. On the other hand, the α/(α+β)
ratio decreased to 20% when the amount of Y2O3

Fig. 7 (a) XRD patterns (M'SS: aluminum-containing
melilite phase, Y2Si3–xAlxO3+xN4–x), and (b) α/(α+β) ratio
of the α/β-SiAlON ceramics with different amounts of
excess Y2O3 (m = 1.7, n = 1.0, z = 0.7, synthesized at
1750 ℃).
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reached 4 wt%, whereas the α/(α+β) ratios of the other
samples were found to be close to the setting value of
30% (±4%). In high-temperature synthesis of α/β-SiAlON
ceramics, two positions are suggested for Y2O3:
incorporation into α-SiAlON structure or in intergranular
phase. As discussed in Section 3.1, increasing amount
of Y2O3 induced by increasing m value remarkably
promoted the α/(α+β) ratio to the setting value (Table 2),
whereas the crystallization level of intergranular phase
was low (Table 1). It could be inferred that Y2O3
preferentially tended to get incorporated into α-SiAlON,
and the samples Y1–Y3 might have higher x value than
the designed value since their α/(α+β) ratios reached
30% after modifying the m value to 1.7. For sample Y4,
the Y2O3 amount reached a critical level and substantial
crystallization of M'SS phase was observed (Fig. 7(a)).
After the devitrification of M'SS phase, the available RE
cations in the liquid were consumed; therefore, the
α/β-SiAlON shifted to β-SiAlON. With the increase in
added amount of Y2O3 to 5 wt%, the α/(α+β) ratio
increased again to the setting value.
Figure 8 shows the microstructures of α/β-SiAlON
ceramics with different amounts of excess Y2O3 synthesis
additive. The α-SiAlON phase exhibited the existence
of grains with low aspect ratio (light gray). The
β-SiAlON grains (dark gray) were relatively fine in
sample Y1 and many β-SiAlON grains appeared to be
equiaxed with low aspect ratio (Fig. 8(a)). Comparative
analysis indicates that more elongated β-SiAlON grains
were observed in samples Y2–Y5 and the β-SiAlON
grains were relatively coarsened with increasing amount

of excess Y2O3. This was in agreement with Herrmann
et al. [22] that the RE-containing liquid phase showed
a decisive role for elongated grain growth at high
synthesis temperature. Moreover, the intergranular
phase (white area) was distributed around SiAlON
grains. In accordance with the increase of excess Y2O3,
more white area of the RE-rich melilite phase was
observed (Figs. 8(d) and 8(e)), illustrating the facilitation
of intergranular phase.
To further investigate the intergranular phase, TEM
observation was carried out using sample Y3 as a typical
sample, and EDX analysis was applied for qualitatively
analyzing the composition, as shown in Fig. 9. Through
the diffuse diffraction beam, the triple grain boundary
junction in Fig. 9(b) was confirmed to be glass phase,
and the dark area in Fig. 9(c) was confirmed to be
crystallite phase (M'SS). Detailed EDX analysis in
Figs. 9(d) and 9(e) indicated that M'SS phase possessed
higher Y and O contents (Y: 8.38 at%, O: 13.75 at%)
than those of glass phase (Y: 3.14 at%, O: 4.89 at%).
This explained the phenomenon that high amount of
excess Y2O3 (> 3 wt%) promoted the crystallization
level of M'SS phase (samples Y4 and Y5 in Fig. 7).
Figure 10 shows the bulk density, hardness, and
fracture toughness variations with the amount of excess
Y2O3. The bulk density of the α/β-SiAlON ceramics
gradually increased from 3.23 to 3.29 g·cm−3 with the
increase of excess Y2O3. This could be mainly due to
the high density of Y2O3 (5.01 g·cm−3), and moderate
improvement of densification, though near full stage,
was achieved. Moreover, the hardness barely changed

Fig. 8 Microstructure of α/β-SiAlON ceramics with different amounts of excess Y2O3 synthesis additives (m = 1.7, n = 1.0, z =
0.7, synthesized at 1750 ℃) obtained under SEM–BSE mode: samples (a) Y1, (b) Y2, (c) Y3, (d) Y4, and (e) Y5.
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Fig. 9 TEM images and EDX analysis of sample Y3: (a) low-magnified morphology, (b) glass phase (triple junction), (c) M'SS
phase, (d) EDX data of glass phase, and (e) EDX data of M'SS phase.

Fig. 10 Bulk density, hardness, and fracture toughness
variations with the change in the the amount of excess
Y2O3.

with the increase in the amount of excess Y2O3 from
1 to 3 wt% (16.48–16.59 GPa) since the content of α
phase was similar in samples Y1–Y3 (29%–34%),
whereas the fracture toughness gradually enhanced
from 4.09±0.10 to 4.59±0.24 MPa·m1/2 due to the
elongated β grain growth (Fig. 8). When the amount of
excess Y2O3 was increased to 4 and 5 wt%, owing to
the substantial crystallization of M'SS phase, the hardness
evidently reduced to 15.71±0.12 and 15.62±0.08 GPa,
respectively, and the fracture toughness declined to
3.76±0.10 and 3.66±0.17 MPa·m1/2, respectively.
3. 4

milling Inconel 718 superalloy and the results were
compared with the commercial α/β-SiAlON ceramic
cutting insert (Kennametal KYS30). Figure 11 shows
the machined surface of the Inconel 718 superalloy.
The distance between the cutting traces was close to
the feed rate (fz = 0.12 mm) of the cutting insert.
Furthermore, owing to the high cutting force of rough
milling, the edge of the cutting trace was uneven and
some parts even got torn. The roughness (Ra) of the
machined surface was measured at 3.27±0.67 μm,
which met the requirement of rough milling (6.3 μm).
Figure 12 exhibits the comparative analysis of the
topographies of flank face of microwave-synthesized
and commercial α/β-SiAlON ceramic cutting inserts
(Y1–Y5, KYS30) under different removed material
volumes (RMVs), and the corresponding maximum
flank wear (VB) is shown in Fig. 13. Sample Y1 was
obtained with the shortest tool life, and the spalling

Machining test

The wear resistance of microwave-synthesized α/βSiAlON ceramic cutting inserts was studied by rough

Fig. 11 Machined surface of Inconel 718 superalloy.
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Fig. 12 Flank face morphologies of microwave-synthesized α/β-SiAlON samples (Y1–Y5) and commercial α/β-SiAlON insert
(KYS30) under different RMVs.

Fig. 13 Corresponding maximum flank wear measured
from Fig. 12.

occurred at the initial stage (RMV = 7.43 cm3) and the
flank wear increased sharply with the continuation of the
machining process. This phenomenon could be due to
its poor density (Fig. 9), small aspect ratio, and grain
size of β grains (Fig. 8(a)); as a result, the cracks
extended easily from the pores. With increasing amount
of excess Y2O3 to 2 and 3 wt%, the wear resistance of
samples Y2 and Y3 was well improved due to the
enhanced densification, elongated β grains, and improved
mechanical properties. Notch wear was observed to be
the main wear mechanism, while no evident spalling
and fracture was observed in the flank face. For samples
Y4 and Y5, their wear resistance was obviously
declined as compared with samples Y2 and Y3 because
their mechanical properties were poor (Fig. 9), but it
was not expected to be catastrophic (better than Y1 and
close to KYS30). This was probably owing to the
increased crystallinity and coalescence of the intergranular
phase that reduced the chemical reaction tendency of

α/β-SiAlON cutting inserts [19], and the elongated and
coarsened β grains resulted from the high excess Y2O3
amount (Fig. 8). Fracture was observed for sample Y5
at the final stage (RMV = 37.13 cm3), which became
the main failure. This could have resulted from the
high cutting force and its low fracture toughness. The
wear mechanism of commercial insert KYS30 was
similar to those of samples Y2 and Y3; however, it
suffered more severe wear under the same cutting
conditions, and the tool life was shorter. As shown in
Fig. 13, sample Y3 was obtained with the optimal wear
resistance, whose tool life increased by approximately
75% compared to that of commercial insert KYS30
(1.5 mm was set as the allowable VB).
Figure 14(a) shows the worn morphologies of the flank
face of sample Y2 at final stage (RMV = 51.98 cm3).
Severe adhesion was observed on the most worn area
of the insert, while some chipping occurred at the tool
edge, indicating that the adhesive wear was the dominant
wear mechanism. This phenomenon could be attributed
to the large cutting force and high chemical activity of
Inconel 718 superalloy, which resulted in the notch in
the flank face and build-up edge (BUE) in the tool edge.
Moreover, the insert (Y2) was vertically cut through
the position of maximum flank wear, and the polished
cross-sectional morphology (A–A view) is shown in
Fig. 14(b). From the EDX mapping of the selected area,
the adhesive layer of Inconel 718 with depth over
50 μm and tool substrate can be clearly distinguished.
Cracks were found to extend along the interface of the
insert, adhesive layer, and tool substrate, illustrating that
the bonding was not stable. During high-speed rough
machining, adhesive layer was ground out, causing
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Fig. 14 SEM images of worn morphologies of sample Y2 (RMV = 51.98 cm3): (a) flank face, (b) cross-sectional morphology
(A–A view), and corresponding EDX mapping of selected area.

further wear, followed by the adhering of the new layer
on the worn area.
Figure 15 shows the microstructure of microwavesynthesized sample Y3 and commercial insert KYS30,
and further comparison of other factors is presented in
Table 3. Both samples Y3 and KYS30 were obtained
with uniform morphologies of α-SiAlON, β-SiAlON,
and intergranular phase. However, the grain size in
sample Y3 was much more coarsened than that of
sample KYS30. Table 3 presents that the cation type of
KYS30 was detected as Yb whose density was higher
than that of Y, and thus the density of KYS30 was
relatively higher than that of sample Y3. In addition, the
intergranular phase of the two samples was different,
that is, M'SS phase was detected in sample Y3, while
that in KYS30 amorphous phase was detected. KYS30
was measured with lower α/(α+β) ratio (18%) than
sample Y3 (34%). Consequently, KYS30 possessed
lower hardness and higher fracture toughness; however,

the difference was slight. In this stage, the improved
tool life of sample Y3 could be attributed to the
crystallization of intergranular phase and coarsened
grain size [35,36].

4

Conclusions

In this study, duplex α/β-SiAlON ceramic cutting
inserts with nominal composition of α:β = 30:70 were
successfully fabricated by microwave synthesis. The
solid solution parameters (m, n, z) and synthesis
temperature were optimized by orthogonal experiment,
and the effects of z value and amount of excess Y2O3
synthesis additive on phase assemblage, microstructure,
mechanical properties, and wear resistance were
systematically investigated. The main conclusions
drawn from this study are as follows:
1) The increase in m value from 1.0 to 1.7 could

Fig. 15 Microstructure of commercial and microwave-synthesized α/β-SiAlON ceramic cutting inserts obtained under
SEM–BSE mode: (a) KYS30 and (b) Y3.
Table 3
Sample

c

Comparison of commercial and microwave-synthesized α/β-SiAlON milling insertsc

Cation type Bulk density (g·cm–3)

α/(α+β) ratio (%)

Intergranular phase Hardness (GPa) Fracture toughness (MPa·m1/2)

Kennametal KYS30

Yb

3.33

18

Amorphous

16.30±0.38

4.92±0.12

Y3

Y

3.25

34

M'SS (w)

16.48±0.04

4.60±0.24

w = weak.
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promote the formation of α phase (8.3% to 25.7%).
thus improving the hardness. Moreover, the high
synthesis temperature could promote the solid solution
reaction, densification, and hardness.
2) α + liquid  β + M'SS + 21R transformation
reaction was observed when z value exceeded 1.0 under
synthesis temperature of 1750 ℃. The microstructure
analysis indicates that the area of β-SiAlON phase
noticeably increased when z value exceeded 1.0, and
the β grain growth was relatively accelerated with
increasing z value. The hardness and fracture toughness
of α/β-SiAlON ceramics exhibited an overall declining
trend with increasing z value, and the sample with z
value of 1.14 acquired the worst mechanical properties
due to the substantial crystallization of intergranular
phase.
3) Increasing excess Y2O3 amount could improve
the grain growth and aspect ratio of the β-SiAlON grains
and enhance the densification. However, the excess
Y2O3 over 4 wt% led to the substantial crystallization
of M'SS phase and decline in the mechanical properties
and wear resistance of α/β-SiAlON ceramics.
4) Adhesive wear was the dominant wear mechanism
of α/β-SiAlON ceramic cutting inserts in rough milling
Inconel 718 superalloy, and the wear resistance of
α/β-SiAlON ceramic cutting insert was found to be
related with the mechanical properties, microstructure,
and intergranular phase.
5) The microwave-synthesized α/β-SiAlON cutting
insert with modified parameters (m, n, z values and
excess Y2O3 of 1.7, 1.0, 0.7, and 3 wt%, respectively,
synthesized at 1750 ℃) was obtained with the optimal
comprehensive properties, whose tool life was increased
by approximately 75% compared to commercial
α/β-SiAlON cutting insert.

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Acknowledgements
The work is supported by the National Natural Science
Foundation of China (Nos. 51875291 and 52075266), the
Excellent Youth Fund of Jiangsu Province (No. BK20190070),
and the Fundamental Research Funds for the Central
Universities (No. 30920032206).

[15]

[16]

References
[1]

Yang Z, Shang Q, Shen X, et al. Effect of composition on
phase assemblage, microstructure, mechanical and optical
properties of Mg-doped sialon. J Eur Ceram Soc 2017, 37:
91–98.

[17]

Izhevskiy VA, Genova LA, Bressiani JC, et al. Progress in
SiAlON ceramics. J Eur Ceram Soc 2000, 20: 2275–2295.
Ahmed BA, Hakeem AS, Laoui T. Effect of nano-size
oxy-nitride starting precursors on spark plasma sintering of
calcium sialons along the alpha/(alpha + beta) phase
boundary. Ceram Int 2019, 45: 9638–9645.
Guo F, Yuan J, Hong D, et al. Influence of powder mixing
processes on phase composition, microstructure, and
mechanical properties of α/β-SiAlON ceramic tool materials.
Ceram Int 2021, 47: 30256–30265.
Zhu D, Zhang X, Ding H. Tool wear characteristics in
machining of nickel-based superalloys. Int J Mach Tools
Manuf 2013, 64: 60–77.
Tian X, Zhao J, Zhao J, et al. Effect of cutting speed on
cutting forces and wear mechanisms in high-speed face
milling of Inconel 718 with Sialon ceramic tools. Int J Adv
Manuf Technol 2013, 69: 2669–2678.
Arunachalam RM, Mannan MA, Spowage AC. Residual
stress and surface roughness when facing age hardened
Inconel 718 with CBN and ceramic cutting tools. Int J
Mach Tools Manuf 2004, 44: 879–887.
Molaiekiya F, Aramesh M, Veldhuis SC. Chip formation
and tribological behavior in high-speed milling of IN718
with ceramic tools. Wear 2020, 446–447: 203191.
Hong D, Yin Z, Yan S, et al. Fine grained Al2O3/SiC
composite ceramic tool material prepared by two-step
microwave sintering. Ceram Int 2019, 45: 11826–11832.
Oghbaei M, Mirzaee O. Microwave versus conventional
sintering: A review of fundamentals, advantages and
applications. J Alloys Compd 2010, 494: 175–189.
Hong D, Yuan J, Yin Z, et al. Ultrasonic-assisted preparation
of complex-shaped ceramic cutting tools by microwave
sintering. Ceram Int 2020, 46: 20183–20190.
Chockalingam S, Traver HK. Microwave sintering of
β-SiAlON–ZrO2 composites. Mater Des 2010, 31:
3641–3646.
Khan RMA, Al Malki MM, Hakeem AS, et al. Development
of a single-phase Ca–α-SiAlON ceramic from nanosized
precursors using spark plasma sintering. Mater Sci Eng A
2016, 673: 243–249.
Adeniyi AS, Ahmed BA, Hakeem AS, et al. The property
characterization of α-sialon/Ni composites synthesized by
spark plasma sintering. Nanomaterials 2019, 9: 1682.
Hakeem AS, Khan M, Ahmed BA, et al. Synthesis and
characterization of alkaline earth and rare earth doped
sialon ceramics by spark plasma sintering. Int J Refract Met
Hard Mater 2021, 97: 105500.
Al Malki MM, Khan RMA, Hakeem AS, et al. Effect of Al
metal precursor on the phase formation and mechanical
properties of fine-grained SiAlON ceramics prepared by
spark plasma sintering. J Eur Ceram Soc 2017, 37:
1975–1983.
Kshetri YK, Joshi B, Diaz-Torres LA, et al. Efficient near
infrared to visible and near-infrared upconversion
emissions in transparent (Tm3+,Er3+)–α-sialon ceramics. J
Am Ceram Soc 2017, 100: 224–234.

www.springer.com/journal/40145

602

J Adv Ceram 2022, 11(4): 589–602

[18] Ahmed BA, Hakeem AS, Laoui T, et al. Low-temperature
spark plasma sintering of calcium stabilized alpha sialon
using nano-size aluminum nitride precursor. Int J Refract
Met Hard Mater 2018, 71: 301–306.
[19] Kshetri YK, Kamiyama T, Torii S, et al. Electronic
structure, thermodynamic stability and high-temperature
sensing properties of Er–α-SiAlON ceramics. Sci Rep 2020,
10: 4952.
[20] Mohamedkhair AK, Hakeem AS, Drmosh QA, et al.
Fabrication and characterization of transparent and
scratch-proof yttrium/Sialon thin films. Nanomaterials
2020, 10: 2283.
[21] Rosenflanz A, Chen IW. Kinetics of phase transformations
in SiAlON ceramics: I. Effects of cation size, composition
and temperature. J Eur Ceram Soc 1999, 19: 2325–2335.
[22] Herrmann M, Höhn S, Bales A. Kinetics of rare earth
incorporation and its role in densification and microstructure
formation of α-Sialon. J Eur Ceram Soc 2012, 32:
1313–1319.
[23] Zhou CR, Yu ZB, Krstic VD. Pressureless sintered
self-reinforced Y-α-SiAlON ceramics. J Eur Ceram Soc
2007, 27: 437–443.
[24] Joshi B, Gyawali G, Wang H, et al. Thermal and
mechanical properties of hot pressed translucent Y2O3
doped Mg–α/β-Sialon ceramics. J Alloys Compd 2013, 557:
112–119.
[25] Yin L, Gao W, Jones MI. Wear behaviour and electrical
conductivity of β-Sialon–ZrN composites fabricated by
reaction bonding and gas pressure sintering process. Ceram
Int 2019, 45: 2266–2274.
[26] Calis Acikbas N, Demir O. The effect of cation type,
intergranular phase amount and cation mole ratios on z
value and intergranular phase crystallization of SiAlON
ceramics. Ceram Int 2013, 39: 3249–3259.
[27] Acikbas NC, Kara F. The effect of z value on intergranular
phase crystallization of αı/βı-SiAlON–TiN composites. J
Eur Ceram Soc 2017, 37: 923–930.
[28] Kshetri YK, Chaudhary B, Kim TH, et al.
Yb/Er/Ho-α-SiAlON ceramics for high-temperature optical
thermometry. J Eur Ceram Soc 2021, 41: 2400–2406.
[29] Xu GF, Zhuang HR, Wu FY, et al. Microwave reaction
sintering of α-β-sialon composite ceramics. J Eur Ceram
Soc 1997, 17: 675–680.
[30] Moghaddam PV, Rinaudo M, Hardell J, et al. Influence of
fracture toughness on two-body abrasive wear of
nanostructured carbide-free bainitic steels. Wear 2020,
460–461: 203484.
[31] Sevim I, Eryurek IB. Effect of fracture toughness on abrasive
wear resistance of steels. Mater Des 2006, 27: 911–919.
[32] Su F, Deng Z, Sun F, et al. Comparative analyses of
damages formation mechanisms for novel drills based on a
new drill-induced damages analytical model. J Mater
Process Technol 2019, 271: 111–125.
[33] Su F, Zheng L, Sun F, et al. Novel drill bit based on the
step-control scheme for reducing the CFRP delamination. J

Mater Process Technol 2018, 262: 157–167.
[34] Cheng YB, Thompson DP. Aluminum-containing nilrogen
melilite phases. J Am Ceram Soc 1994, 77: 143–148.
[35] Acikbas NC, Yurdakul H, Mandal H, et al. Effect of
sintering conditions and heat treatment on the properties,
microstructure and machining performance of α-β-SiAlON
ceramics. J Eur Ceram Soc 2012, 32: 1321–1327.
[36] Aucote J, Foster SR. Performance of sialon cutting tools
when machining nickel-base aerospace alloys. Mater Sci
Technol 1986, 2: 700–708.
[37] Evans AG, Charles EA. Fracture toughness determinations
by indentation. J Am Ceram Soc 1976, 59: 371–372.
[38] Carman A, Pereloma E, Cheng YB. Reversible α' ↔ β'
transformation in a textured Sm-sialon ceramic. J Eur
Ceram Soc 2011, 31: 1165–1175.
[39] Carman A, Pereloma E, Cheng YB. Reversible α' ↔ β'
transformation in preferentially oriented sialon ceramics. J
Eur Ceram Soc 2006, 26: 1337–1349.
[40] Liddell K. X-ray analysis of nitrogen ceramic phases. M.Sc.
Thesis. Newcastle upon Tyne, UK: University of
Newcastle upon Tyne, 1979.
[41] Eser O, Kurama S. The effect of the wet-milling process on
sintering temperature and the amount of additive of
SiAlON ceramics. Ceram Int 2010, 36: 1283–1288.
[42] Mahday AA, El-Eskandarany MS, Ahmed HA, et al.
Mechanically induced solid state carburization for fabrication
of nanocrystalline ZrC refractory material powders. J
Alloys Compd 2000, 299: 244–253.
[43] Wang PL, Tu HY, Sun WY, et al. Study on the solid
solubility of Al in the melilite systems R2Si3−xAlxO3+xN4−x
with R = Nd, Sm, Gd, Dy and Y. J Eur Ceram Soc 1995, 15:
689–695.
[44] Pettersson P, Shen Z, Johnsson M, et al. Thermal shock
resistance of α/β-sialon ceramic composites. J Eur Ceram
Soc 2001, 21: 999–1005.
[45] Wang PL, Sun WY, Yan DS. Formation and densification of
21R AlN-polytypoid. J Eur Ceram Soc 2000, 20: 23–27.
[46] Mehrotra PK, Swiokla JL, Nixon RD. High z sialon and
cutting tools made therefrom and method of using. U.S.
patent 5 370 716, Dec. 1994.
Open Access This article is licensed under a Creative
Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made.
The images or other third party material in this article are
included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is
not included in the article's Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

www.springer.com/journal/40145

